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On the Use of Liquid Bridges as

Accelerometers

The shape of the interfuce of a drop of liguid held by surface
tension forces beiween two solid disks, a liguid bridge, de-
pends on the geomelry of the supporting disks, the velume of
liguid and the external forces acting on the drop. Therefore,
ance the geometry of the supporting disks and the volume of
liquid are fixed, and assuming that the value of the surface
renston Is known, a way to measure such external forces could
be by measuring the deformation of the Hquid bridge inter-
Jace. In this paper the concept of the liguid bridge us a fluid
accelerometer that could be used under microgravity condi-
tions to measure very small accelerations is explored. Ap-
proximate analvtical expressions for ithe liquid bridge
interface and experimental results which support the suiiabil-
ity of the fluid accelerometer concept are presented.

1 Introduction

A liquid bridge, as sketched in fig. 1, consists of an isother-
mal mass of liguid of density ¢ and surface tension g, held
by surface tension forces between two paraliel solid disks,
with radii R, and R,. Both disks are a distance £ apart. It
is also assumed that they can be non-coaxial, 2K being the
distance between the two axes. The liquid column, of voi-
ume I, is subjected to an axial acceleration, g,. and a
lateral acceleration. g,, with & being the angle between the
direction of lateral acceleration and the plane formed by the
axes of the disks.

As it is well known. the equilibrium interface shape of a
liguid bridge depends on the volume of liquid, V. the
geometry of the supporting disks (defined by R,. R,. L. and
E). the external sumulus (acceleration) and the liquid prop-
erties (density and surface tension). Once the volume of
liquid and the geometry are fixed, the shape of the liguid
bridge mterface is uniquely defined by the value of the
dimensionless acceleration acting on it. That is, the defor-
mation of the liquid bridge interface depends on the Bond
number, a dimensionless parameter that measures the ratio

Li2

L2

Fig. 1. Geomeiry and coordinate systent for the Hauid bridge

of hydrostatic to capillary pressures, B = pgRjfa, where
Ry = (R, + R:)/2. Therefore, a way 1o measure the external
force acting on the liquid bridge could be by measuring the
deformation of the liquid bridge interface, so that a liquid
bridge could be used as an accelerometer. Furthermore,
since for a given stimulus the deformation of the interface
grows as the distance between the disks increases, an ac-
celerometer based on the liguid bridge concept could be
adapied 10 measure in a wide range of small accelerations
by varying the length of the liguid column accordingly (but
keeping it within the stable length}.

In fact, axisymmetric liquid bridges (E =g, = 0} have
been used in the past to measure the value of the axial Bond
number in experiments performed either on Earth (e.g.
Meseguer and Sanz [1], Meseguer et al. [2], Perales el al.
[3]) and in spacecrafts (Martine: [4]). In such papers Bond
numbers were calculated by fitting theoretical equilibrium
shapes to experimental ones. This comparison between the-
oretical and experimental equilibrium shapes is not an easy
task even in the axisymmetric case because. in general,
theoretical equilibrium shapes cannot be analytically ob-
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tained; the solution usually adopted has been to calculate
approximate expressions for the liquid bridge interface.

In this paper the concept of the liquid bridge as an
accelerometer is analyzed. To check the usefulness of the
liguid bridge to measure steady accelerations a very simple
experimental setup has been developed. This setup allows
one to get the contours of a liquid bridge whose axis is
oriented at an arbitrary angle with respect to gravitational
acceleratnion, The aim of the experiments is to use the
contours of the liquid bridge to calculate the value of the
Bond number as well as the orientation of the liquid bridge
with respect to the direction of gravity. It must be pointed

out that once both axial and lateral Bond numbers are

known the caiculation of the axial and lateral components
of the acceleration involves the use of the value of the
surface tension: therefore, the accuracy of the acceleration
determination depends on the accuracy of the value of
surlace tension, which is very sensitive to surfuce contami-
nation,

The same comment stated above concerning the dithi-
culty of comparing experimental and theoretical liguid
bridge contours still holds, Even more, non-axisymmetric
liquid bridges are much less studied than axisymmetric ones
and leaving apart the early wark of Carielf et al. {5, only
recently non-axisymmetric liquid bridges have been consid-
ered (Perales [6], Chen and Saghir [7], Meseguer et al. 1],
Laveron-Simavifla and Perales [8]). In the next section an
analytical approximation for equilibrium shapes of almost
cylindrical liquid bridges is presented as well as details of
the data analysis procedure. Experimental setup, results
and conclusions are presented in sect. 3.

[t must be pointed out that the analytical expression for
the liquid bridge interface presented here has been obtained
under the assumption that some of the parameters appear-
ing in the problem formulation are very smalil, particularly
the Bond number 8 = ggRj/o. According to this expression
there are different ways to obtain low values of the Bond
number. One way could be by reducing the value of the
acceleration acting on the liguid column, g. However, this
requires performing the experiments on board a space-plat-
form or in a sounding rocket. In an Earth-laboratory there
are two widely used ways to get low values of Bond num-
ber, one of them is by surrounding the liquid bridge with
another imumiscible liquid of almost the same density (this is
the so-called neutral buoyancy technique). In this case ¢,
which is the difference between the density of the liquid
bridge and the density of the surrounding medivm, can be
made. within some limits, as small as desired to get the
desired value of the Bond number. The second method used
is to reduce the size of the sample, that is the characteristic
length R,. This method is the one used in the experiments
described below,

2 Mathematical Model

Let r = F(z, &) be the dimensionless equation of the free

surface of the liquid bridge (fig. ). Equilibrium shapes of

Hiquid bridges are described by the Young-Laplice equa-
tion, which in dimensionless variables states;

M(F) + P = B,= + B,F cos (/| —2) =0, (D

where M{F) is the curvature of the interface, defined as
M(F) = \FIL+ (F)"WFw — FY + FF[F* +(F,)3)
= 2EAFy + FEF L+ (P + (F)3)- e

{2)
The boundary conditions are:
F(+A.8) ={(1£#1)—esin* ()] + e cos {), (3
F(z,0 +2m) = Fz. ), (4)
J d- JAF3d9=4r:AV. {5

- 0

[n the above expressions F(z, #) and - have been made
dimensioniess with R, = (R, + R,}/2. Other parameters ap-
pearing in the problem formujation are the slenderness,
A = LH2R,), the dimensionless volume, V' = Vf{(aRIL), the
dimensionless eccentricity, e = £/R,,. the parameter that
measures the difference between the sizes of the disk,
h=(R,—R)/(R,+ R,) and the axial and lateral Bond
numbers, B, =pg.Rij6 and B, =pg R}ja, respectively,
where ¢ i3 the difference between the densities of the liquid
bridge and the surrcunding liquid and & is the surface
tension. The constant P appearing in eq. (1) is a constant
pressure which has been made dimensionless with o/R,.
The subscripts - and # indicate derivatives with respect to =
and 8, respectively.

Let us introduce the following parameters: g, =v =1 -1,
g.=8, ex=h g, =8, es=¢ In the case when ¢ =0 the
problem (1}, (3)—(5% has the solution F(z, &) = 1. If the
different parameters g are small enough, g « 1, equilibrium
shapes could be expressed as

5 5 5
Fe. =1+ Y of .00+ Y ¥ ae/,(z.0). (6)

=1 reel =1

The introduction of this series expansion in the problem
formulation gives the following set of problems:

— order &,
J{;;: +Jcm| +,)(, + i — Af’Z: + A."-t Caos ('9 - O.’) = 0' (7}
ﬂ(iA,Q} = tAiiiéis cos {8) (8}
Lz 0+ 2m) = £z, 0, ' (9)
- 2a

J d:- Jf df =2rAA, {10
A (1]

— order g¢;:

. 1. .
Fuw # Fon Sy 42y =0y + 500 =5l = F o =

l .
Tarigay [ A+ (T B8] cos (0 ) =0,
(11)
SAtA D= —% A A, sin? (), (12}

63
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S, 0 2n) = f42.0), (13)
-4 In
Jd: J{Efu + 1) dé =0, (14)
A L3

In these expressions above A, stands for the Kronecker
delta function (A, =0 i i#j and A, =1 i i =/). The
selutions corresponding 1o the different £ and ¢, problems
are given in the appendix.

It must be pointed out that the problem solved here
is sinmlar to the one presented in [2], although in that
paper only axisymmetric configurations were considered
(g, = &5 = (). Therefore the functions £, i =1, 2, 3, and o
i,j=1,2,3 are the same as those obtained in that paper,
provided the variables § = F? is used instead of F (it must
be pointed cut also that there is a misprint in expression
{A.9a) of Meseguer ct al. [2], in which 1/4 must be replaced
with 1/2).

Eq. (6) can be used to calculale the steady acceleration
acting on a liquid bridge provided the liquid bridge configu-
ration is close enough to the reference configuration (a
cylindrical liquid column between coaxial equal disks). This
could be done by fitting eq. (6) to experimental equilibrium
shapes by the least square method. However, since eq. (6) is
non-linear in g, the resulting system of equations to deter-
mine ¢; is highly non-linear, complicating the solution pro-
cess. Such difficulty can be avoided by spliting the
calculation process into two steps. In the first step only the
linear part of eq. (6} is considered so that a tinear system of
equations is obtained. from which the linear-fitting values
& = &, are obtained. Such system of equations is obtained
by making 80/3c, =0, where D = £, (1 + E, fi,, — R}, re-
sulting in the following equations:

E(Z_ﬁ_ﬁ)&:N=Z[(R—11ﬂ-], i=1,2,.... (15

In which R = R(z,, 1} stands for the experimental values of
the radius of the interface at coordinates =, and 8, whereas
¥, indicates addition with respect to z.

In the second step it is assumed that the guadratic-fitting
values are close 1o the linear-fitting ones. such that
£ =ty + 6, 8, « g, the new variables being 4,, which are
obtained after neglecting 6,4, terms in the new system of
equations which results [rom &D/0d, = Q. taking into ac-
count that now the second order expression lor F, eq. {6).
must be used instead of the linear part. This new system of
equations becomes:

¥ [Z (GG, + zF,,,_,f;_,)]af =5 (F,G)
* k

!

i=1.2...(18)

where

G =fi+2% [0 and

Fur = I + Z f!‘;:r() + Z Zﬁ_;nrfl{:}l\ - R
! LI

Before using eq. (&) to calculate accelerations it would be
helpful to know the validity range of eq. (6). or at least the
error affecting the values of the parameters ¢ obtained. An
idea about the errors involved when eq. (6} is used can be
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Fig. 2. Variation with the slenderness, A, and the velume of Liguid,
V. of the ratios of calcutaied avial Bond munber 10 the nominal Bond
mmber, B (B, und B, [B.. where the subscript ¢ means axial
Bond manber and the subseripts I, ¢ and n mean lincar firiing.
quadratic fitiing and newninal value, respectively. Numbers on ihe
curtes bdicate the value of the exponent 1 of the nominal Bond
mnber. B = 107" Curves lubelled with L correspond to B, (B,
whereas those labelled with C corvespond ta B, [B,,. The resudts
correspond 1o axisymmetric fguid bridges between equal and coaxial
disks {B,=h=c=0}

obtained by comparing the equilibriwm shapes given by eq.
(6) with exact ones.

For axisymmetric liquid bridges (s, = & = 0} equilibrium
shapes can be numerically calculated by using the shooting
method. The fitting method described above has been ap-
plied by using such numerically calculated shapes leaving
£. = B, as the only unknown, so that the axial Bond num-
ber resulting from eq. (6) can be compared with the exact
one used for numerical computations. The results of this
comparison are shown in fig. 2. In this plot the variation
with the slenderness A of the ratios B,{B, and B, [B,,
fwhere the subscripts /. ¢ and » mean linear fitting,
quadratic fitting and nominal value used to calculate nu-
merical equilibrium shapes, respectively) have been repre-
sented Tor several values of the axial Bond number, B,,.
and different values of the volume, V. for the case of liquid
bridges between cqual and coaxial disks (hf=e=0). In
general, a non-linear expression lor the hguid bridge inter-
face gives more accurate values of the acceleration than a
linear expression, as shown in fig. 2. It must be pointed out
that the obtained values of the acceleration are greater than
the nominal ones, except in the lingar case, where for ¥ > 1
the values obtained are greater or smaller than the nominal
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ones depending on the slenderness. Note that for each value
of the liquid volume and of the nominal Bond number the
fitted Bond numbers become unacceptable when A is large
enough. This is because as A increases (or ¥ decreases) the
liquid bridge configuration is closer to the corresponding
stability limit. and the deformation ol the liquid bridge
interfuce grows. This effect is not symmetric with respect to
the volume; for a given A the erroc s greater when ¥ <1
than when V > | for the reason explained above: the error
depends on how close to the stability limit the liquid bridge
configuration 1s,

According to fig. 2. the more accurate results are ob-
tained when ¥ =1, In this case, when only axisymmetric
hguid bridges are considered, there is no difference between
hnear and quadratic fitting except close to the correspond-
ing stability limit (when the curves become vertical).

In the non-axisymmetric case the comparison with exact
Ltheoretical equilibrium shapes is more difficult (the integra-
tion of eq. (1) requires a considerable computing effort [8)].
However, some insight can be obtained by analyzing eq.
(6). Since eq. (6} 15 an approximation of the solution of the
problem formulation (1)-{5), it will not sausfy eq. (1)
exactly or, in other words, £ will not be constant. There-
fore, any parameter measuring the non-uniformity of the
pressure can be a parameter measuring the accuracy of eq.
(6) to describe an equilibrium shape. This parameter could
be dP = (P, — P}/ P, where P, and P,,, are the max-
imum and the minimum of the pressure as given by eq. {1),
once F is substituted by eq. (6), and P is the average
pressure. The variation with both the axial and lateral
compenents of Bond number, B, and B,, respectively, of
4P for a hquid bridge with A =244, V=1, A=0 and
e =0, is shown in fig. 3. Note that for a given value of the
Bond number, eq. (6} gives more accurate results when only
lateral acceleration is considered than in the axisymmetric
case.

Ba
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Fig. 3. Dependence of the aceuracy of eq. (6) to describe an equi-
librivet liquid bridge interfuce on the axial and lateral components of
the Bond number, B, and By, respeciively. Numbers on the curves
indicate the value of the parameter AP defined in the text. The
resudts correspond to a liguid bridge with a slenderness A = 2,44,
eviindrical volume, V = 1, and equad and coaxiad disks, h = 0, ¢ = 0

Fig. 4. Sketch of the experimental apparatus: (A) Hguid bridee celf.
(B) CCD camera, (C) rotating plutform, (D) tifting table

3 Experiments

To experimentally check the suitablity of liquid bridges to
measure accelerations. an experimental facility, as sketched
in fig. 4, has been developed. The apparatus consists of a
milhmetric tiquid bridge cell (A) in which a liquid bridge
can be formed, and a CCD camera {B), both mounted ¢n a
platform (C} which in turn is mounted on a tilting table
{D). The platform can be rotated around a fixed point of
the tilting table, and its position being measured by the
angle 5. The tilting table is articulated along an axis to a
fixed base, ¢ being the angle between the tilting table and
the fixed base. Other equipment used, but not shown in fig.
4, are a video recorder, a PC computer with an image
processor, and a background iilumination system,

The liquid bridge cell consists of a three-axis table. The
upper disk can be displaced along the --axis by means of a
micrometric screw, with an accuracy of 0.01 mm, whereas
the other disk is mounted on a plate that can be displaced
parailel to the xp-plane by means of two micrometric
screws which allow the displacement of the plate along the
x-axis and the y-axis. Both disks have a radius
R,=041 mm, and they are made of calibrated stainless
steel tube. Working liquid, distilled water, is injected
and removed through a hole in the upper disk connected
to a calibrated syringe by fexible tubing. During the
experiments the disks were kept coaxial and the distance
between them was L =2 mm, s¢ that the slenderness was
A =244+ 0.01.

A typical experimental sequence is as follows: with the
disks at the desired separation, the tilting tuble D is rotated
up to the neminal value of the tilting angle (¢@,). and the
platform C, which supports the liquid cell and the CCD
camera, is rotated up to the nominal value of the rotating
angle {(f#,). Then a drop of water is injected beiween the
disks. If the volume of liquid is too large part of the liquid
is removed manually through the hole in the upper disk
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antil a iquid bridge with a volume slightly greater than the
cylindrical one is obtained. During the experimental sc-
quence the volume of liquid is continuously decreasing due
to evaporation; liguid bridge contours are continuousiy
digitized and the volume of liquid calculated from such
contours. When the calculated volume is in the range
I =1 £ 0.005 the liquid bridge contour is saved for further
analysis., Then the platform C is rotated up to an angle
£, + 1i2 and the same process s repeated again, In this way
two perpendicular views of the liquid bridge are obtained.
Of course these two views are not of the same liquid bridge
bui two different liquid bridges of the same slenderness and
volume. Obviously to use the liquid bridge as an accelero-
meter it is needed to record at least two different views of
the liquid bridge interfiace at the same time (preferably
perpendicular). This can be done by using a second camera
or by placing a mirror on the rotating table, so that both
views of the liquid bridge contour, say frontal view and
lateral one, are recorded ai the same time. However, leaving
apart geometrical and cleaning constraints, with the avail-
able optics for the CCD camera there were some problemns
to keep both images in focus; thus only a liquid bridge
contour was recorded for each angle g, and the hypothesis
that each liquid bridge interface can be identified by the
images recorded at angles fi, and f§, + n/2 was made.
Seven nominal values of the tilt angle (¢, == 0°, 137, 26°,
40°, 50°, 67°, and 907) and seven nominal values of the
rotation angle ¢(f#, = 0°, 15°, 30°, 45°, 60°, 75°, and 907)
were considered. For each orientation of the liquid bridee
axis {defined by the angles ¢, and §,) the process described
above was repealed 1¢ times. As previously stated the aim
of these experiments was to measure the steady Bond num-
bers corresponding to the axial and lateral components of
the acceleration acting on the liguid bridge as well as the
direction in which it acts in each case or, in other words, the
angles ¢ and f corresponding to each experiment. To do
this the process of the analysis of the experimental results

has been done in two sieps. The first step is to caleulate,
from each pair of images identificd by some nominal angles
£, and f, + nf2, the unknown angle . Once § is calculated
and the direction in which radial acceleration acts is known,
axial and lateral Bond numbers are calculated by fitting eq.
(6) o experimental liquid bridge contours, rom which the
angle ¢ is obtained.

The direction of the lateral acceleration is calculated as
lollows. Let us consider two liquid bridge contours corre-
sponding to the angles #, and £, + x{2. Such contours define
4 points on each section parallel to the disks of the liquid
bridge. Assuming that the liquid bridge section is circular,
these points define the position of the center of the section
with respect to the liguid bridge axis or. in other words, the
direction it which lateral acceleration is acting, as well as an
estimale of the value of the lateral Bond number, B,. In
effect, according to eq. (6) at = = 0 the distance between the
liquid bridge axis and the center of the section is

d(0) = é [A3+ N{3 — 3 cos{A)

—Asin(A) — é A¥ cos (A))vjiB,, (N

where 4(0) has been made dimensionless with R, and
N = A{sin (A} — A cos (A)) 7. Therefore, eq. {17) allows us
to estimate the value of B, provided the volume v = V¥ — 1 is
known. In the experiments is was ¢ = 0, so that, in a first
approximation, B, = 2d(0}f 42,

Before pursuing further it would be convenient to have
an idea about the errors involved in the determination of
both (0} and §. Obviously, since liquid-bridge contours
are determined with some error (Perales and Meseguer [9]),
there wil! be some uncertainty in determining the position
of the centers of the different liquid-bridge cross-sections.
Ler ¢ be the error in the position of the center of the middle
cross-section. Then the distance between the liquid-bridge

Tuble 1. Vuriation of the measured Bond mber. B. with the nominal rotarion angle. fi,. and the nominal tift angle, o,

[ 3 ¢ 15° 0 45¢ 60° 75° 90"
0 0.0232
+ 0,060}
13 0.0226 0.0227 0.0237 0.0231 0.0236 0.0235 0.0234
+0.0001 +0,0001 +0.0001 +0.0001 +£0.0001 +0.0001 +0.0001
26 0.0231 0.0232 0.0235 0.0236 0.0237 0.0237 0.0237
+0.0001 +0.0001 +0.0002 +£0.0001 +0.0001 +0.000] +0.0001
40 0.0230 0.0234 0.0234 00234 0.0236 0.0238 0.0233
+0.0001 +0.000] +0.0001 +0.0001 +0.0001 +0.000] +0.000]
54 0.0233 0.0233 0.0236 0.0235 0.0230 0.0231 0.0229
£0.0002 +0.0002 +0.0001 +0.0001 +0.0001 +0.0002 +0.0002
67 0.0235 0.0234 0.0234 0.0235 0.0235 0.023) 0.0235
+0.0002 +£0.0002 +0.0003 +0.0001 +0.0002 +0.0001 +0.0002
90 00235 0.0230 0.0237 0.0233 0.0231 0.0232 0.0232
+0.0002 +£0.0002 +0.0001 +0.0003 +0.0003 +0.0002 +0.0003
- .
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Tuble 2. Vuriction of the tilt angle, @, with the nommal rotation angle, §,. and the nomindgl (it angle. @,

\..\_\\ B, o’ 15 3 457 60° 75 90"
\\
@, ‘“\\\

(1} 1.9
+1.6

13 133 130 134" 13.3 124 1347 127

+0.6 +0.1 +0.5 +0.47 +0.6” +0.6° +0.5°

26 254 25 270 26.0° 25 F 259 24.7

+.6 +0.5 +0.6 +0.5 +0.3° +0.6" +0.5

4i) 40.1 40.0° 40,3 40.1 40.6° 401 196

+ 0.4 +04° +0.6 +0.3° +0.67 0.3 +0.3

54 526 5317 537 334° 53.1 336 52.9¢

+0.4° +0.4° +0.3° +0.2° +0.2 +0.4 +0.¥

67" 66.7" 657" 664 a5 65.8° 649 648

+0.2 +06° +04 +0.2° +0.2° +0.47 +0.2

o 90.3 91.0" 9.7 9.9 3957 §9.8° 90.0°

+06.2 +0.3" +0.2 +0.2 +0.1° T+ +40.3"

axis and the center of this cross-section will be {0) + ¢, and
the rotation angie will be # + 48, where

AB =sin~' (&/d{0)), s < d(O). (18)

According to this last expression the error in f§ increases as
d(0Yy decreases. It is obvious that to use this method to
measure f becomes unacceptable when d(0) ~& In the
experiments described here it was ¢ = 0.0016.

Once f# is known the lateral and axial Bond numbers, B,
and B,. respectively, are calculated, from which the angle
¢ =tan~'{B,/B,) and the Bond number B ={B; + B
are obtained.

The measured values of B, ¢, and f§ as functions of the
nominal values ¢, and f, are shown in tables 1 -3, respec-
tively. It can be seen that all measured values of the Bond
number are in the range B =0.0232 4 0.0006, the average

being B = 0.0233. That means that the maximum difference
of measured Bond number from the average is 2.5%, no
matter what the values of ¢, and B, are. From table 1 it
seemns that there is no dependence of the value of measured
Bond number on the tilt angle or on the notation angle. An
explanation for the differences between the experimental
results from one experimental sequence to any other may be
the variation of the surface tension of the working fluid
(distilled water). In effect, for g=10"kg -m™> g=
28l m-s~*and R, =0.41- 107" m, the value of the surface
tension corresponding to B =0.0232is ¢ =0.07I1 N-m™',
which is practically the nominal value of the surface tension
of water. But the surface tension of water is known to
decrease with interface contamination. Other liquids less
sensitive to interface contamination, such as silicene ails,
were considered as candidates to be used as working Ruids.

Tuble 3. Variation of the rotation angle, . with the nominad votation angle, B, wid the nominad tile angle. o,

T f o 15 : 307 457 60" 75 90*
13 14" (4.7 290 453 65.9° 76.5 89.0°
+38 +50° +35 £5.2 +59 $6.35 +7.1°
26" —0.2v a0’ 30.0° 468" 60.0 73.7 89.07
+3.5 +1.6" $2.2° £23° +29° +36 +2.6°
40" 2.9¢ 15.7 3L 45.9° 59.3 74.9 89.1°
£1.6° +2.6 +i4 F12° +1.6° +0.6 1+ 1.6
54" 1.8 15.8° 30.4" 47.0° 592 747 90.5
+11" +10 +1.6° +1.0° +1.2 116 1107
67" 1.9 15.6" 298 459" 59.5 7407 89.5°
+ 1.0 +1.3 1.7 +1.0° 14 +1.4° +1.2°
oy 2.5 7.3 127 452" 59.9 730" 89.4°
10 £1.2 110 +16 +0.9 +1.5° +0.6"
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18,-B1
(deg)

®, {deg}

Fig. 5. Variation with the measwred tilt angle, @,,, of the diffevence
4B = [B, — ffwhere §, is the nominal valve of the moasured angle f.
The symbols represent experimenial results whereas the sofid Ines
correspond to theorcetical predictions using cq. (18)

Such liquids were not used because, except in the case of
water, severe problems to keep the liquid bridge interface
anchored to the edges of the disks were faced, not to
mention the cleaning problem associated with these liguids.

From tables 2 and 3 one can notice that the error in the
determination of the direction of the lateral component of
the acceleration, the rotation angle f, 1s much larger than
the error in the angle @. This is because of the different
methods used to determine each one of the angles, In the
case of f only 4 points of the liquid bridge contours are
used, whereas for the measurement of ¢ the whele liquid
bridge contours are used. Furthermore, as has been previ-
ously slated, the measured values of § become more scat-
tered as the tilt angle ¢, decreases, as pointed out in fig. 5,
where the modulus of the difference between the nominal
and measured values of the rotation angle, [, — £, versus
the measured tilt angle, ¢, is depicted. In effect, since the
value of the lateral Bend number is proportional to sin {3},
B, = B sin (¢), the distance between the axis of the disks
and the liquid-bridge section corresponding to = =0, 4(0),
will be d(0) =3A°R sin (). Therefore, according to eq.
( 18) the accuracy in the measurement of the rotation angle
B will decrease as the tilt ¢ decreases. In fig. 5 the theoreti-
cal estimation of the error in the measurement of the
rotation angle, 4f. resulting from (18), is plotted.

In conchusion, 2 method to measure both the modulus
and the direction of the steady acceleration acting on a liquid
column has been presented. Although the method requires
some additional refinements, experimental results seem to
indicate that a liquid bridge can be used as a fluid accelerom-
eter {o measure very small steady accelerations like the ones
appearing in space laboratories, although their use as ac-
celeromelters would require a considerable additional effort.
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Appendix

The solutions of the different sets of order ¢, problems, eqgs.

(?)-(1_0). and order ¢;g, problems, egs. (11}-(14), are the
following:

1 A
== N z) — =
/i 2 (cos (z) —cos (), N sin{A) — A cos (A)
(A.1)
. sin ()
fr=z-A sin {A)’ (A.2)
_ sin {z)
L= (A.3)
l - -
L:E(A——:-J cos (8 — a). {Ad)
fs= ;[— cos (). (A.5)
Ffu=Tnizy = T,(A),
T, = % Nz{% $in? () + cos [-./1)[(2 — NA sin (A))
- €os (2) -.:- sin (z)] } (A.6)

sin {z)
sin {A)

Ji2=Talz) ~ Ti2(A)

A
sin{A)

] ]
T:(2) =1 N{§ isin{z) — 2: cos{A) + cos (2) sm(2)

A cos{A) _ )
"—m}—; CcOs (-)} (A?]
_ o sin (2}
S = Tsld) = Tty L,
Thiz) = I cos () {z cos (A) — sin (). {A.8)

" 4sin (A)
Ha=[T14t2) — T14(A)] cos (G — a)

] .
Ti4lz) = y) N{: sin (2} + 3 cos (=} + % zTeos (/1]}. {A9)

l :
SN SYS E e
fis 4/1A{.4 sin (A) sm(-)}cos(()). (A TD)
Soa = Taa(z) — TaalA),
Tld) = 5 (4= A% 5 27) cos
20 =y T AT cos )
+2—m005;{:}+2“, (A 11}

Frv = TaalZ) — Tos(A),

T = 4— A4 2T =2NA sin (A) cos (D)

1
T 4sin (A) [{

24 L Al
* sin (A) o8 ('J]‘ (A.12)

fou= [Ty(:} = Thy( ) i]cos (6 —2),
Tz} = (z cos - — 3sin (2)). (A1)

25 (A)
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f:s = [Tzs(r) — Tas(A)] cos {h,

e i A
Ty = 7 (; o+ S cos (:J). (A.I4)
S = Taslz) — Tl
cos () I .
T:(2) =Tn3{:_} —‘-_2-1'\‘ cos (2D (A5}
. I
Ju= _:1'\1':-1- (A 16}
. |
j_;_.; =m{cos {z) —cos (1)) [A'?)

- o 'll'_—
_)‘,_u=i{—-2_42}+4:2+§—(4”1:+§>M}
16 8 8 cosh (/34)

ccos {20 — )y + Toulz) — Tou(A),

I T2 - :1 l -2 i
T44(:} zi N cos () —g(i., —A —6) {Alg)
O , sinh (ﬁ.—}}
e = (A= =z + 24— —— > cos {20 —u
=54 {’ sinh {/34) )
o sin (o)
+ Tasfu) T45(A) sin (/l),

o vos (%) S (A2 -
Tisls) = =g 22 = (A7 4 6)2). {A.19)
X I . cosh \/5:) }
w=——| T+ = ——= Jcos(2t) — -, AL20
& 4= {( cosh /34 () ( )
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